Water ingestion elicits an osmopressor response in patients with impaired baroreflexes. In young, healthy subjects, water elicits sympathetic vasoconstriction. This study investigated the effect of water on the lower body negative pressure (LBNP)-induced vasovagal reaction and also analyzed its effect on the change of regional cerebral blood flow during LBNP.
Studies in patients with baroreflex impairment suggest that water ingestion increases blood pressure (BP) and vascular resistance in a dose-dependent manner. Previous studies demonstrated that osmosensitive hepatic afferents are involved in water drinking-induced sympathetic activation in human subjects. 1, 2 The physiological mechanism of osmopressor response (OPR) has been thought to act via efferent sympathetic vasoconstriction. In clinical practice, OPR has been proven to correlate with enhancement of orthostatic tolerance, and thereby, it has been used as a simple and effective prophylaxis against vasovagal reactions. [3] [4] [5] OPR has been proven to enhance orthostatic tolerance in young, healthy subjects. 6, 7 According to Jordan et al., OPR might provide more efficient regulation of cerebral perfusion during orthostatic stress. 7 The physiology of OPR might affect systemic and cerebral hemodynamic response under gravitational stress. 8 Lower body negative pressure (LBNP) is often used to assess autonomic cardiovascular responses to gravitational stress, which provides a regular soldier's training in the aerospace medicine. 9 OPR is capable of improving orthostatic tolerance and reduces the occurrence of blood donation vasovagal reactions in young, healthy subjects. 3, 5 Similar responses are encountered onboard a high-performance aircraft. The LBNP chamber provides a moderate gravitational stress model to provoke orthostatic symptoms by constantly changing LBNP. LBNP potentially affects cerebral circulatory control and occasionally induces a vasovagal reaction.
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Initially submitted March 30, 2012; date of first revision July 16, 2012 ; accepted for publication July 16, 2012. Physiologically, several neural imaging studies have supported the notion that the cardiovascular response is tightly regulated by the central autonomic nervous system and is also modulated by activation of higher cortical function. 10 Thus, we hypothesized that the autonomic cardiovascular effect of OPR might mediate via the activation of higher cortical function and then afford protection against LBNPinduced vasovagal reaction. 10 The primary aim of this study was to determine whether OPR could attenuate LBNP-induced vasovagal reaction. The second aim of this study was to elucidate whether OPR affects regional cerebral blood flow changes when a subject is exposed to LBNP stimulation.
METHodS

Subjects
The study was approved by the Institutional Review Board (098-05-312) of Tri-Service General Hospital, National Defense Medical Center in Taiwan and conducted in the Aerospace Department. Informed consent was obtained from each volunteer. We studied 12 healthy male adults (aged 22-26 years) with weight of 71. 7 ± 8.6 kg, height of 174.8 ± 5.1 cm, and body mass index of 23.9 ± 3.2 kg/m 2 , values are the Mean ± SD. Subjects had no history of syncope and were taking no prescription or over-the-counter medication at the time of the study.
Study protocol
Subjects did not eat or drink between midnight and the commencement of the study protocol 8 hours later. Caffeinecontaining beverages, nicotine, and alcohol were prohibited for one week prior to the study. Study sessions took place in a quiet, dimly lit room at a comfortable ambient temperature (21-24 °C) . LBNP (40 mm Hg) tolerance testing took place for 45 minutes, or until presyncopal symptoms occurred, or systolic BP fell to 80 mm Hg (or was 90 mm Hg and rapidly decreasing), or the heart rate was 150 beats per minute, or a rapid fall in either heart rate of 25 beats per minute or systolic BP of 25 mm Hg occurred. Specifically, subjects received either LBNP or no LBNP with or without water ingestion (at least 2 weeks apart). After a 30-minute baseline period, subjects drank either 500 ml of pure water 15 minutes prior to LBNP or no water before LBNP. Before participating in the study protocol, subjects were asked to sit in the LBNP chamber as a pretest for the maximal duration of exposure to LBNP chamber or occurrence of any presyncopal symptoms. Two weeks later, those participants were allocated and randomly received either ingested water or no water at first session and the second study session on the alternative day (Figure 1 ).
instrumentation
Hemodynamic parameters were monitored by a Finometer (FMS, Finapres Measurement Systems, Arnhem, the Netherlands), which provides continuous, noninvasive heart rate and BP measurements. The total peripheral resistance was derived from the mean brachial BP and cardiac output. 11
Lower body negative pressure
All studies began at 8:30 am and finished by 10:30 am. Participants entered the LBNP chamber, with the sealing level maintained at the iliac crest of subject, 12 and positioned themselves supine on a narrow padded saddle without foot support to start the experiment. This 45-minute ambient period was followed by the LBNP period (which consisted of sitting for 15 minutes at ambient pressure after water ingestion, followed with LBNP at −40 mm Hg for 45 minutes or until onset of presyncopal signs or symptoms (point of intolerance)).
orthostatic symptoms during LBnP
Subjects were asked to self-report their LBNP-related orthostatic symptoms immediately after the study. They were asked to rate the severity of 9 symptoms on a scale of 0 to 10 (with 0 reflecting an absence of symptoms) during the LBNP test. The sum of the scores at each time point was used as a measure of symptom severity, 13 and the symptoms were chosen because they reflect common complaints of subjects with vasovagal reactions prior to presyncope during LBNP.
Single-photon emission computed tomography image acquisition and analysis
Subjects received 370 MBq (20 mCi) of 99 mTc-ethyl cysteinate dimer ( 99 mTc-ECD) (Neurolite; DuPont Pharmaceuticals, Brussels, Belgium) 14 under standard resting conditions after Figure 1 . Protocol schematics. The crossover within subject design in which each subject underwent 2 study sessions, including control (C) and lower body negative pressure (LBNP). In the control session, each subject was randomly allocated into either a group that ingested 500 ml of water (W) or a group that ingested no water (C) on the separate day (at least 2 weeks apart). In the LBNP session, each subject was randomly allocated into either a group that ingested 500 ml of water (LW) or a group that ingested no water (LBNP) 15 minutes prior to LBNP on the separate day (at least 2 weeks apart). Subject received intravenous administration of 99 mTc-ethyl cysteinate dimer ( 99 mTc-ECD) prior to the brain image study by single-photon emission computed tomography (SPECT). Symptom scores were recorded according to the self-report of each subject after LBNP sessions.
stopping LBNP, LBNP with water ingestion, water ingestion, and control (no water). All images were manually reoriented using statistical parametrical mapping (SPM) software to make them coincide as closely as possible in origin and orientation with the single-photon emission computed tomography template image of the SPM for the 12 participants. The critical threshold for this analysis was set at a score corresponding to P < 0.05, corrected for multiple comparisons. Only significant clusters >20 voxels (activated regions >8 mm 2 ) were selected and considered significant areas of increased perfusion. Significant regional cerebral blood flow (rCBF) changes were displayed in SPM in the Talairach space both as the probabilities of cluster size and the activation magnitudes based on Z scores.
Statistics
Our primary endpoint was the time to presyncope or 45 minutes after LBNP. The null hypothesis was that there would not be statistically significant different results between the LBNP studies after water ingestion and no water ingestion. Appropriate parametric (Student's t test) and nonparametric (Mann-Whitney rank sum test) tests for unpaired data were then used in the analysis. Values were reported as means ± SDs, unless otherwise noted. Statistical analyses were performed using SPSS (version 13.0, SPSS) statistical parametric maps of the difference in rCBF between two groups (LBNP after water ingestion versus LBNP without water study session; as well as water ingestion versus no water study session) at P < 0.001 (uncorrected for multiple comparisons) by analysis of variance.
rESuLTS
Water ingestion reduces symptomatic burden of LBnP induced vasovagal reactions
The average duration of exposure to LBNP stimulation was 24.5 ± 14.1 minutes for LBNP without water ingestion and 27.1 ± 14.0 minutes for LBNP with water ingestion. Five of 12 study subjects experienced vasovagal reaction with systolic BP drop >25 mm Hg or heart rate drop >10 beats per minute prior to the cessation of LBNP without water ingestion. In contrast, there was no subject experienced presyncope with blood pressure or heart rate drop during the study session of LBNP with water ingestion. Symptom scores were completed for both the water and no water ingestion trials with LBNP for all 12 subjects. In the study of LBNP with water ingestion, subjects had a median composite score of 7 (range, 0-22), whereas in the study of LBNP without water ingestion, subjects had a composite score of 16 (range, 2-54), and the difference between the two groups was statistically significant P = 0.0047 by Wilcoxon signed rank test. Water significantly reduced the orthostatic symptomatic burden of subjects exposed to LBNP testing ( Table 1 and Supplement Figure  S1 online) During the last 2 minutes prior to the cessation of study protocol, the average reduction of systolic BP in the LBNP stimulation without water ingestion (-27.6 ± 16.8 mm Hg) was significantly greater than in the LBNP stimulation with water ingestion (-7.1 ± 11 mm Hg) (P = 0.047).
Water ingestion and hemodynamic variables during LBnP
Mean BP, heart rate, and cardiac output were not changed significantly during LBNP following ingestion of water or LBNP alone. Fifteen minutes after ingestion of water, total peripheral vascular resistance increased significantly from 1526 ± 208 at baseline to 1730 ± 243 dyn·s·cm−5 (just prior to LBNP) (P < 0.01). Two minutes before the cessation of LBNP, there was a significant difference in total peripheral vascular resistance between sessions with ingestion of water and sessions without ingestion of water (1888 ± 491 vs 1790 ± 591 dyn·s·cm−5; P<0.05) ( Table 1) .
Effect of water ingestion on rcBF
The brain SPM revealed significant perfusion changes after ingestion of water in several cortical and subcortical regions. Data showing the decrease in rCBF after water ingestion, versus after no water ingestion, are provided in Table 2 . Abbreviations: CO, cardiac output; HR, heart rate; LBNP, lower body negative pressure; MABP, mean arterial blood pressure; SV, stroke volume; TPR, total peripheral vascular resistance.
* P < 0.05; ** P < 0.01.
The water decrease of rCBF in the correspondent area is displayed in Figure 2 . In summary, water ingestion decreases rCBF in left limbic, anterior cingulate gyrus, right temporal, fusiform gyrus, and sublobar-caudate head regions.
Effect of LBnP on rcBF
The brain SPM also revealed significant perfusion changes in several cortical and subcortical regions after LBNP session. Data showing the effect of LBNP on rCBF, in comparison with controls, are summarized in Table 3 . The LBNP-induced decrease of rCBF in the correspondent areas is shown in Figure 3 . In summary, LBNP decreased rCBF remarkably, especially over the left frontal and limbic lobe.
Effect of water ingestion on rcBF during LBnP
The SPMs show differences in rCBF at above specific brain area across the two groups (LBNP without ingestion of water and LBNP with ingestion of water) at P< 0.0001 (uncorrected for multiple comparisons) by analysis of variance. During LBNP challenge, water increased rCBF significantly in (i) right cerebrum, sublobar insula, gray matter, and Brodmann area 13; (ii) right cerebrum, frontal lobe, inferior frontal gyrus, gray matter, and Brodmann area 10; (iii) right cerebrum, frontal lobe, medial frontal gyrus, gray matter, and Brodmann area 25; (iv) right cerebrum, frontal lobe, precentral gyrus, gray matter, and Brodmann area 6; (v) left cerebrum, sublobar, caudate, gray matter, and caudate body; (vi) left cerebrum, frontal lobe, subcallosal gyrus, gray matter, and Brodmann area 25; (vii) left cerebrum, limbic lobe, parahippocampal gyrus, and gray matter. Data showing the effect of ingestion of water prior to LBNP on rCBF are shown in Table 4 . The water-induced increase of rCBF in the correspondent areas is displayed in Figure 4 . In summary, ingestion of water increased rCBF remarkably over the right prefrontal and left limbic-parahippocampal gyrus during LBNP stimulation.
diScuSSion
The present study demonstrated the capability of OPR to reduce the symptomatic burden of LBNP-induced vasovagal reaction. More important, water increases rCBF of the left limbic-parahippocampal gyrus remarkably, which was decreased when exposed to LBNP stimulation alone. Thus, we confirmed the important role of central autonomic network activation in the mediation of the OPR protect against orthostatic stress induced by LBNP.
In aerospace medicine, the LBNP chamber provides a training model of moderate gravitational stress to provoke orthostatic symptoms by constantly changing LBNP. It is often used to assess autonomic cardiovascular responses to gravitational stress in the regular soldier's training. This is the first study to demonstrate that OPR alleviates the "Control > Water" indicates LBNP increases the regional cerebral blood flow in the 12 subjects after water ingestion. The result was the cumulative subtraction of each cerebral blood flow image of water from that of no water. Analysis was performed using the SPM99 image analysis software. "Control > LBNP" indicates LBNP increases the regional cerebral blood flow in the 12 subjects after lower body negative pressure (LBNP) stimulation. "Control < LBNP" indicates the enhancement of rCBF in the 12 subjects after LBNP stimulation. The result was the cumulative subtraction of each cerebral blood flow image of water from that of no water. Analysis was performed using the SPM99 image analysis software.
Abbreviation: BA, Brodmann Area.
LBNP-induced presyncopal symptom. In the clinical arena, simple water ingestion will be a potential strategy to improve the soldier's training whenever the challenge of gravitational stress is applied. Several neuroimaging studies have analyzed the drinking behavior of hypertonic infusions in humans and have identified activation of widely distributed cortical and subcortical regions. Most of these relate to the neurophysiology of thirst in the conscious human and animals. [15] [16] [17] Others reflect physiological mechanisms responding to change of extracellular tonicity or blood pressure. [18] [19] [20] For instance, McKinley et al. demonstrated that water affects regional brain activity by the stimulation of thirst, which was also elicited by hypertonic saline infusion and satiation model. 21 They demonstrated the thirst-induced changes of rCBF, which was tightly correlated with degree of thirst ratings. In the thirsty and drinking behavior study model, the rise in osmolality and advent of thirst is associated with activations in the hypothalamus, thalamus, limbic cortex, somatosensory cortex, insula, and cerebellum. 22 Of the regions so activated, the cingulate cortex appears to be particularly important, being rapidly responsive to satiation of thirst, as indicated by neuroimaging changes of the human brain. 10 Modern neuroimaging data, including positron emission tomography and functional magnetic resonance imaging, have revealed that a network consisting of the insular cortex, anterior cingulate gyrus, and amygdala plays a crucial role in the regulation of homeostasis in central autonomic nervous system and human behavior. In human subjects, the central autonomic neural network made up of limbic and paralimbic systems, including the insular cortex, amygdala, and anterior cingulate gyrus, appears to be important in autonomic cardiovascular regulation. The right insular cortex plays a predominant role in establishing sympathetic tone and the left insular cortex in establishing parasympathetic tone. For instance, the bradycardia and depressor responses (mean 5 beats per minute and 4 mm Hg decrease) were more frequently produced by the left insular cortex stimulations; "LBNP < LBNP + water" indicates water ingestion increases the regional cerebral blood flow in the 12 subjects during lower body negative pressure (LBNP) stimulation. The result was the cumulative subtraction of each cerebral blood flow image of LBNP with water from that of LBNP without water. Analysis was performed using the SPM99 image analysis software.
tachycardia and pressor responses (mean 6 beats per minute and 4 mm Hg increase) were more frequently produced by the right insular cortex stimulations. Previous studies demonstrated thirst behavior activated anterior and posterior parts of the cingulate cortex; these areas rapidly declined in activity on satiation of the thirst. 23, 24 In contrast to the thirst-drinking behavior, OPR has been suggested to be mediated by afferent stimulus of hypoosmolality via the gastrointestinal tract, which may then interact with the higher cortical and central autonomic neural system to elicit the cardiovascular physiology of water ingestion. In young healthy subjects, there was little if any change in the arterial blood pressure, but a reduction in the heart rate in young healthy subjects was usually seen during OPR. 6, 25, 26 Our neuroimaging study demonstrated that a reduction of heart rate during OPR is consistent with remarkable reduction of rCBF over the left cingulate gyrus, fusiform gyrus, and interlobar caudate nucleus during resting status. Thus, we suggested that the left cingulate gyrus-related cerebral area may play an important role in the central autonomic network to mediate the mechanism of the OPR. We suggested that the OPR may interact with higher cortical and subcortical integration, including autonomic, recognition and motor function at resting state.
To our knowledge, this is the first study probing differences in rCBF between water ingestion and LBNP stimulation in young healthy subjects. LBNP decreases rCBF selectively over left superior prefrontal gyrus, limbicparahippocampal gyrus, left sublobar-caudate body, and hypothalamus than that of control session of no water. Additionally, LBNP decreases rCBF of both right middle temporal and postcentral gyrus of parietal lobe. LBNP only increases rCBF of the right parietal lobe, precuneus, and Brodmann area 3, which is the dorsal part of the anterior cingulate gyrus. Whenever the dorsal area of the anterior cingulate gyrus was active, fewer errors occurred, suggesting that the anterior cingulate cortex (ACC) is involved with effortful performance during gravitational stress, which is consistent with the previous study of the deactivation of the left anterior cingulated gyrus and the satiation of thirst behavior after water drinking. 21 We supposed that the activation of the limbic lobe, left anterior cingulate gyrus was ready to cope with the gravitational stress induced by LBNP stimulation. Further research is needed to understand completely the effects of effortful performance on ACC activation especially with exposure to gravitational stress.
LBNP activated a distributed network, including the left superior prefrontal gyrus, left limbic-parahippocampal gyrus, left sublobar-caudate body, and hypothalamus and autonomic brain structure that correspond closely to the neuroanatomical description of the major efferent system arising from the medial prefrontal cortex. Neural anatomic connections between the medial prefrontal cortex and the autonomic nervous system have been already recognized in humans. The role of the medial prefrontal cortex in the modulation of autonomic states has been previously addressed, primarily in studies of complex, ''highlevel'' behaviors involving effortful cognitive and volitional motor tasks, emotion, and social judgments. 27, 28 In this study, we demonstrated the medial prefrontal cortex works as a critical integration of a distributed central neural system involving the autonomic cardiovascular physiology of OPR.
OPR increases right insular cortex during LBNP stimulation, implicating that activation of insular cortex after water ingestion might facilitate the physiological modulation of the body's homeostasis, especially when subjects are exposed to gravitational stress. The prefrontal and limbic cortex involves the higher cortical function for emotional and reward reaction, such as goal-directed behavior and coping with stressful situations. Possibly, OPR is associated with the activation of the prefrontal and limbic cortex and then facilitates the subject's capacity to cope with the stressful situation associated with LBNP stimulation. This could explain why water reduces the vasovagal reactions during gravitational stress. It is interesting to find that a significant reduction of rCBF over the left parahippocampal gyrus of the limbic lobe occurs when subjects are exposed to LBNP stimulation alone. 29 Nevertheless, OPR activates the left parahippocampal gyrus of the limbic lobe significantly during LBNP stimulation. This OPR-related increment of rCBF of left limbic-parahippocampal gyrus during LBNP stimulation implicated its important physiological function of coping with gravitational stress.
This study found that water reduces the symptomatic burden during LBNP. OPR was capable of activating the prefrontal and limbic cortices during LBNP stimulation, indicating the central mechanism of autonomic cardiovascular integration of OPR. The prefrontal and limbic cortices might enable the subject to cope with LBNP stimulation with OPR, which might also explain the mechanism of OPR in the reduction of LBNP-induced vasovagal reaction and improve orthostatic tolerance during gravitational stress.
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